Abstract
12
An overlay network is the integration of two or more standalone networks 13 connecting the same set of nodes with their own set of edges ( with the rapid development of information technology, all social contact among 20 individuals is usually dependent on various interacting tools, including direct talk, 21 email, instant messaging, and social networking services. Therefore, the natural next The earlier studies, however, used simple models for two overlay networks, 2 calling into question their applicability to the more complex multiple overlay 3 networks that existed in the real world (Funk and Jansen, 2010) . A similar problem 4 also exists in the study of multiple networks and interdependent networks, which also Here, we rigorously examine the relationship between overlay diversity and its 13 epidemic dynamics. Specially, we answer the question of how and why the 14 percolating cluster of the overlay networks is related to whether the set of standalone 15 networks is larger or smaller (richness) and more or less different (evenness 
Results and discussion

19
Diversity analysis framework of epidemics on overlay networks
20
The framework consists of three components: 1) the definition of overlay diversity,
21
including overlay richness and evenness, 2) the declaration of functioning and 22 stability of overlay networks, and 3) the partition of overall diversity effects into 1 different mechanisms.
2
A system of multiple overlay networks is based on a set of standalone networks (Fig. 1) . Nodes represent agents for infection (e.g.,
5
countries and territories in trade networks or individuals in social networks), while 6 edges correspond to potential transmission routes between pairs of infecting agents.
7
The overlay network, exists in the overlay network ( Fig. 1 ). According to the rules, any standalone network 10 could be treated as the overlay network of itself.
11
In order to understand the effects that changes in network diversity will have on 12 epidemic dynamics, it is important to define some metrics for diversity. Diversity is among standalone networks, and is defined as:
where H kk' is the Hamming distance between two adjacency matrixes of standalone 
In this way, we assigned each edge in the MPC of the overlay network to a standalone should consider more about such cooperation behaviors (Fig. 2) . Therefore, the 11 additive part of the diversity effect could quantify the mechanism of epidemic 12 behaviors beyond overlay processes.
13
In sum, the diversity analysis framework not only statistically describes overlay and has very large statistical fluctuations (Fig. 3a) . Moreover, we also found that the 5 distribution of M k is also heterogeneous (Fig. 3b) . The presence of heterogeneous with our diversity analysis framework we test the hypothesis that only a few 11 standalone trade networks dominate epidemic behaviors in overlay trade networks.
Diversity effect 14 We applied this framework to 2000 randomly formed overlay trade networks, based zero) and increased significantly with overlay diversity.
The two components of this net diversity effect, selection and complementarity, 1 had strikingly different performances. The selection effect was minor, and even with a 2 negative value in low overlay richness and evenness (Fig. 4c, d ). The negative 3 selection effect operates where the standalone networks with largest M k do not mainly 4 contribute to the MPC of the overlay network. In contrast, the complementarity effect 5 under any overlay richness and evenness was positive (Fig. 4e, f) . Overall, both 6 effects increase with overlay diversity; however, the selection effect slowly increased 7 with overlay richness and evenness ( Fig. 4c-f ). For example, the average selection 8 effect in R=20 only increases ~100 from R=2 (i.e., enlarging overlay MPC with about 9 100 edges). In the same situation, the average complementarity effect increases from 10 ~10 to more than 200. Therefore, the complementarity effect increased more quickly 11 than the selection effect with overlay richness and evenness. Moreover, the 12 complementarity effect is the major contributor to the net diversity effect, and the 13 contribution ratio exceeded 3/4 for all overlay networks; contrarily, the grand mean 14 contribution of selection effect to net diversity effect is no more than 1/4 and the ratio 15 was unaffected by overlay richness and evenness (Fig. 4g, h ). The secondary position than the components themselves.
5
Although the contribution ratio of complementarity is relatively unaffected by 6 overlay richness and evenness, the ratio was variable for certain levels of diversity,
7
ranging from ~0 to more than 1 (attributed to a negative selection effect) when 8 overlay richness is small (Fig. 4g) . The ratio was also capricious under large overlay 9 diversity, but the value held roughly steady above 1/2. The variable contribution ratio 10 implied the importance of the actual composition, that is, which standalone networks 11 are used to form the overlay network. Thus, we should carefully consider the overlay 12 networks to diffuse real-world pathogens (Table 1) . Based on real outbreak data in the the spread of 5 other pathogens mainly relies on the complementarity effect (Table 1) .
19
It supported our conclusion from simulation studies. Selection and complementarity
20
are equally important to the spread of noroviruses ( when richness is constant (Fig. 5a ). Even when as many as 10 standalone networks 
22
In the second scenario, to simulate a targeted immunization, we first removed the heterogeneous distribution. In order to control the epidemic on overlay trade networks, 21 we should pay more attention to the cooperation mechanism rather than a few 22 standalone trade networks with the largest MPC. Inter-similarity between coupled networks. Europhys. Lett., 92, 68002. and Γ 2 is indicated by the blue and green background respectively. The maximal 7 percolating cluster of the overlay network covers all edges. 
